Abstract--The amount of K fixed in K-and Ca-saturated montmodUonite, vermiculite (trioctahedral), rectorite-type and IMII-ordered mica/montmorillonites was measured as a function of time (1-64 days), temperature (25~176 pH (6.0, 9.7, and 10.7), and K-concentration (0.02 and 1.0 M) in solution. The amount of K fixed by the clays generally increased with increasing temperature, pH, and K-concentration and reached saturation in response to each experimental condition in 5 or 6 days. The K-montmorillonite and K-vermiculite fixed considerable amounts of K even at 25~ Fixed K in moutmoriUonite increased with an increase of the layer charge which is also influenced significantly by the interlayer cation, In detail, the behavior in K-fixation was specific to each clay.
INTRODUCTION
It is well known that specific cations are fixed in the interlayer of clay minerals such as montmorillonite and vermiculite (Mackenzie, 1963; Grim, 1968) . In most previous studies, cation fixation was examined using oven-dried clays. Several factors affect cation fixation, e.g., octahedral occupancy, layer charge, properties of the solvent, and properties of the cations (Marshall, 1964) . The layer charge required for fixation of alkali cation was predicted quantitatively by Eberl (1980) on the basis of an interplay between cation hydration energy and layer charge, assuming that the charge on interlayer sites can be represented as a sphere of equivalent electric field strength.
Of those cations that become fixed, K is of greatest interest to most geologists and clay mineralogists. Montmorillonite transforms to illite through a series of interstratified phases in sedimentary basins (Burst, 1959 (Burst, , 1969 Perry and Hower, 1970; Weaver and Beck, 1971; Hower et al., 1976; Yeh and Savin, 1977) , and in hydrothermal environments (Steiner, 1968; Browne and Ellis, 1970; Eslinger and Savin, 1973; Inoue et al., 1978) . During the transformation, exchangeable cations such as Na + and Ca 2 § in the interlayer of montmorillonite are replaced by K § from the pore solution, and the K + is gradually fixed. Eberl and Hower (1976) and Roberson and Lahann (1981) studied the structural change from smectite to illite in the laboratory from a kinetic point of view. The effects of interlayer cations on the reaction of montmorillonite to interstratified phases were also examined Copyright 9 1983, The Clay Minerals Society by Eberl (1978a Eberl ( , 1978b . In addition, Lahann and Roberson (1980) determined the effect of solution chemistry for the dissolution of Si from montmoriUonite under hydrothermal conditions.
The purpose of the present investigation was to determine the factors that control the amount of K fixed by clay minerals under hydrothermal conditions, and to clarify the mechanism of K-fixation. A final goal was a better understanding of the mechanism of illitization of montmorillonite through interstratified intermediates during burial diagenesis.
MATERIALS AND METHODS
Four clays were employed in this study: montmorillonite from Aterazawa in Yamagata Prefecture, Japan; trioctahedral vermiculite from Palabora in South Africa; a rectorite-type regularly interstratified mineral with 50% expandable layers from Goto Mine, Nagasaki Prefecture, which contained sericite and pyrophyllite as major impurities; and an interstratified illite/montm0-rillonite similar to the IMII-ordered type (Reynolds and Hower, 1970) from Seigoshi Mine, Shizuoka Prefecture. The interstratified illite/montmorillonite contained about 20% expandable layers and small amounts of quartz and goethite as impurities. The rectorite-type interstratified mineral initially contained significant amounts of Na and Ca as well as K fixed in the interlayer position (Tables I and 2 ity and Teflon reaction vessels of approximately 22-ml capacity at 100 ~ 150 ~ 200 ~ and 300~ The internal pressure was the vapor pressure of H20 at the temperatures of the experiment. About 200 mg of starting materials and about 21 ml of reaction solution were put in the Teflon vessels; the same solid : solution ratio was used for the autoclave experiments. The initial pH of the solution was 6.0, 9.7 or 10.7; and the cation concentration was 0.02 or 1.0 M of K +, as the chloride or hydroxide. The hydrothermally treated clay was washed with distilled water, dried at room temperature, and stored in 100 m! of 0.l N SrCI2 solution at room temperature for a week. Under the conditions, most of exchangeable cations in the interlayer of clays were substituted by Sr. The Sr-Substituted clays were analyzed fgr Sr, K, Ca, and Na by atomic absorption spectroscopy; the bulk chemical compositions for some of the specimens were also de~ermined. The percentage of expandable layers in the Sr-substituted products was determined after ethylene glycol treatment, and the relation between X-ray powder diffraction (XRD) peaks and percentage of expandable layers was calculate~l using the Kakinoki and Komura equation (Sato,~ 1973) .
EXPERIMENTAL RESULTS

Effect on non-exchangeable K
Changes in the percentage of non-exChangeable K (%N E K) under the various experimental conditions are summa[ized in Table 1 . %NEK represents the amount of non-exchangeable K ion divided by the total amount of interlayer cations times 100. In montmorillonite and vermiculite, small amounts of Na and Ca were retained after Sr-substitution, as shown in the table, but the Na and Ca contents in K-saturated specimens cannot be correlated with temperature or reaction time; therefore, their effects are neglected in the following discussion.
The %NEK values in K-and Ca-montmorillonites are plotted against time in Figure 1 . In K-montmorillonite, the %NEK values increased with increasing temperature, pH, and initial K-concentration in solution; they leveled off after reaction for about 5 or 6 days. The change of %NEK in Ca-montmorillonite was similar to that in K-montmorillonite, but the %NEK values in the former stayed smaller than those in the latter under the same experimental conditions. In detail, Ca-montmorillonite did not fix K at room temperature, whereas some K-fixation took place in K-montmorillonite (Table 1). The %NEK in Ca-montmorillonite at 300~ increased for 5 days and then decreased.
In general, the final change of%NEK in the vermiculites (Figure 2 ) was nearly the same as that in the montmorillonites, but at room temperature, it was larger in K-vermiculite than in K-montmorillonite. A decrease in %N EK in Ca-vermiculite was not observed at 300~ Figure 3 shows the change of%NEK in the rectoritetype and IMII-ordered phases. The %NEK values did not increase in either the K-or Ca-saturated rectoritetype specimen at T = 100~176 pH = 6.0-10.7, and K-concentration = 0.02 M, but increased at 300~ in the K-saturated specimen (Figure 3a) . The %NEK value in the IMIl-ordered phase was nearly invariant up to 150~ and increased only slightly at 300~ ( Figure  3b ).
As shown in Figures 1-3 , the %NEK values in the clays tend to attain a saturation at short reaction time under the respective experimental conditions. For determining the exact temperature dependence of the saturated %NEK in the clays, the corrected %NEK (A%NEK) at pH = 10.7 and K-concentration = 0.02 M are plotted against AT (=T -25~ in Figure 4 . A%NEK represents a difference between %NEK values at T~ and 25~ The increase of A%NEK with increasing AT is accelerative in the montmorillonites (Figure 4a ) and decelerative in the vermiculites ( Figure  4b ). In addition, the %NEK value in K-montmorillonite was greater than that in Ca-montmorillonite at a given temperature, but the reverse was found in the vermiculites. The increase of %NEK in the rectorite-type specimen was greater than in the IMII-ordered specimen.
Effect on SiOe/Al2Osratios
The bulk chemical compositions of the reaction products at pH = 10.7 and K-concentration = 0.02 M are given in Table 2 . The FeeO3 and MgO contents of the montmorillonites remained nearly constant during the reactions at any temperature. The SiOz content decreased gradually during the reaction at a given temperature. The AlzO z content increased with increasing temperature and tended to increase slightly during the reaction at a given temperature. As a result, the SiO2/ A1203 mole ratios in the products (Table 2) decreased with increasing temperature and only slightly during the reaction. The decrease in the SiOJA1203 in the K-montmorillonite was more than that in the Ca-montmorillonite at 300~
In the vermiculites, the SiO~, A1203, and FezOz contents increased and, contrary to that of MgO, decreased with increasing temperature. The change of the SiO2/ AlzOs ratio is uncertain because of a lack of data. On the basis of a few analyses (Table 2) , the SiOJAI2Oz ratios in both the rectorite-type and IMII-ordered phases decreased.
Structural change with increasing %NEK
Representative XRD patterns of the reaction products are shown in' Figures 5-7. K-montmorillonite. The percentage of expandable layers in the run products from the K-saturated montmorillonite at 25~176 decreased only slightly, although the basal reflections changed slightly (Figures 5b and  5c ). At 300~ the expandability decreased to about 40-50%. In the 300~ product (Figure 5d ), an ordered illite/ montmorillonite with an about 30-A peak for a one-day run was associated with a randomly interstratified illite/ montmorillonite with greater expandability. For a 30-day run at 300~ (Figure 5e ), an ordered illite/montmorillonite with a 27.5-/~ peak and a random product with about 70-80% expandable layers were produced. In a preliminary run of K-montmorillonite at 400~ the product had an expandability less than 30% and was associated with K-feldspar and quartz. Neither kaolinite nor pyrophyllite was formed at any temperature.
At a K-concentration of 1.0 M, the percentage of expandable layers decreased to about 30--40% at 300~ The product was also associated with a small amount of a random illite/montmorillonite with greater expandability (Figure 5f ).
Ca-montmorillonite.
The expandability of the Ca-saturated montmorillonite changed only slightly up to 150~ At 300~ (Figure 5g ), the first order reflection shifted from 17.3/~ in the initial to 16.4 A in the product. When the specimen was resaturated by K +, the first order reflection shifted to 11.6 A at ambient RH and to 14.3/~ on glycolation. These shifts suggest that highcharged montmorillonite formed because high-charged smectites tend to have smaller basal spacings for a given 00l reflection than do smectites with lower layer charge (Brindley, 1966) . In addition, an enhancement of the background at <5~
indicates that the specimen has a random interstratification (Weir et al., 1975) . The product at 300~ is illite/montmorillonite with about 70% expandable layers as determined from the relation between the 001 peak position and expandability (Sato, 1973) .
The product at 300~ was associated with other phases having major peaks at 9.03, 5.61, 3.42, and 2.93/~. These data suggest the presence of wairakite-type and heulandite-type Ca-zeolites, though the identification is not certain. In the Ca-montmorillonite runs (Table 1) , the retention of Ca 2+ tended to increase gradually with increasing temperature and run time. Most of the remaining Ca 2+ probably concentrated in the associated zeolites rather than in the interlayer position of the clays.
K-vermiculite.
In a preliminary test, the basal spacing of vermiculite saturated with either Ca or Sr at room temperature was shifted by ethylene glycol treatment from 14.8 to 15.6/~ and from 15.6 to 16.2 A, respectively (Figures 6a and 6b) , whereas the K-saturated specimen collapsed to 10.6/~ (Figure 6c ). In addition, the K-saturated vermiculite had another broad peak at 13.5/~, and the Ca-saturated vermiculite had extra small peaks at 13.5 and 8.27 ~.
After hydrothermal treatment of the K-saturated vermiculite at 150 ~ and 200~ the 14.5-/~ peak of the Srsubstituted specimen split into 15.6-and 13.5-/~ peaks (Figure 6d) . Thus, the products at 150 ~ and 200~ consisted of the expanded 15.6-A layers attributed to vermiculite and a small proportion of an interstratified phase of 10-A (mica) and 15.6-/~ (vermiculite) layers giving 25.2-/~, I3.5-/~, and 8.6-/~ reflections. The intensity of the 15.6-/~ peak diminished gradually with run time, but the 13.5-/~ peak became more intense and shifted somewhat toward a high angle. At 300~ the 15.6-A peak disappeared, and the basal spacing shifted to 10.2 A (Figure 6e ). K-feldspar and quartz were formed in a preliminary run of the K-saturated vermiculite at 400~ pH = 10.7, and K-concentration = 0.02 M.
Ca-vermiculite.
The basal reflection of the product from the Ca-saturated vermiculite at 150~ split into 13.3-and 11.2-/~ peaks after ethylene glycol treatment (Figure 6f) . With increasing temperature, the 11.2-• peak shifted toward a high angle, but the 13.3-~ peak shifted toward alow angle. At 300~ the 11.2-and 13.3-~ peaks shifted to 10.3/~ and 15.7~ respectively (Figure 6g ). These observations suggest that the products consisted of vermiculite and an interstratified phase:
Interstratified phases. Structural changes in the rectorite-type and IMlI-ordered phases were undetected up to 150~ At 300~ only a slight peak shift was observed in the K-saturated rectorite-type specimen (Figure 7b) , and the ordering was unchanged. In the K-saturated IMII-ordered specimen, at 300~ the 11.6-~ peak decreased in intensity and the 9.8-A peak was sharpened ( Figure 7d ). The expandability of both the rectorite-type and IMIt-ordered phases decreased only slightly. 
DISCUSSION
Meaning of change in the Si02/AleOa ratio
If cation,exchange reactions in the interlayer position were .the only reactions to take place in the present study, the SiOJAl~O3 ratios of the products would not vary during hydrothermal treatment because the experiments were conducted in a closed vessel. On the contrary, the Sio~/A1203 ratio tended tO decrease with increasing temperature in the montmorillonite and the interstratified phases runs ( Table 2 ), suggesting that some of montmorillonite layers decomposed during bydrothermal treatment, and that dissolved A1 was taken into the remaining montmorillonite layers and exchanged for Si at the high pH. In natural rocks, the extra A1 and Si in the solution would ultimately precipitate as a cement. However, quartz and K-feldspar formed at 400~ and neither kaolinite nor pyrophyllite was produced at any temperature in the Present study. The silica lost from the solid run products presumably remained in solution. Thus, the lower SIO2/A1203 ratios of the products approximately represents the increase of layer charge due to the substitution of A1 for Si. This interpretation is supported by the increase in the total amount of interlayer cations with increasing temperature (Table 1) .
Mechanism of K-fixation by clays
In general, cation fixation is thought to take place when the cation dehydrates in the interlayer space of clay and resides directly on the clay surface. In terms of the hydration state of interlayer K, Kemper (1966a, 1966b) indicated that in a Clay-solution system, 49% of the K ions in the interlayer of montmorillonite partially dehydrated, even at room temperature, and resided directly on the clay surface. In the present experiment, if the K-fixation takes place in the same manner, the amounts of fixed K in the montmorillonites are smaller than the Shainberg and Kempers' estimate. In addition, the amount of fixed K at room temperature is attributed to the amount of layer charge; the difference in the %NEK values at 25~ between K-montmorillonite and K-vermiculite is due to the difference in primary layer charges in the clays. The amount of K fixed in the montmoriUonites increased with rising temperature (Figure 1 ). Inoue and Minato (1979) demonstrated that the amount of K fixed in K-saturated montmorillonite is independent of temperature between 80 ~ and 300~ Accordingly, the increase of amount of fixed K with increasing temperature noted in the present study was caused mostly by the increase of layer charge arising from the substitution of Si by A1 in montmorillonite as discussed above. Eberl (1980) indicated that the layer charge required for the K-fixation with illite formation is -0.77 per O10 (OH)2, and distinguished between K-fixation with illite formation and fixation on the surface of lower charged montmorillonite by oven-drying. The relation between %NEK and percentage of illite layers in natural illite/montmorillonites is shown in Figure 8 . ff Kfixation takes place only in a layer with -0.77 of layer charge, i.e., if %NEK corresponds directly to the percentage of illite layers, the relation between these factors is represented by the line drawn in Figure 8 . In fact, the plots are biased in the upper part of the line; the %NEK is greater than the percentage of illite layers in an illite/montmorillonite, meaning that lower charged montmorillonite itself has a real capacity for K-fixation. In order for the illite layer to be detected on the XRD patterns of illite/montmorillonites, however, the %NEK in the interlayer of montmorillonite must exceed a threshold value. This idea is also evident from the changing behavior of the d(001) spacing of K-Ca montmorillonite (Gaultier and Marny, 1979) .
The increase of layer charge in montmorillonite was affected by the interlayer cation; the increase of layer charge in the K-montmorillonite runs was more than that in the Ca-montmorillonite runs at the same temperature ( Table 2 ). The presence of Ca in solution inhibits effectively the substitution of Si by AI in montmorillonite (Lahann and Roberson, 1980) . Therefore, the presence of Ca in the interlayer of montmorillonite also retarded the increase of layer charge due to the substitution of Si by A1, which resulted in the smaller %NEK in the Ca-montmorillonite at a given temperature (Figure 4a) .
In both ordered interstratified phases, a small increase in the %NEK was recognized at 300~ (Figures  4c and 4d) . If the expandable layers in such ordered interstratified phases are identical to the montmorillonire in a property that affects K-fixation, the %NEK would be almost 100% at 300~ A dissimilarity in a K-fixation property between the montomorillonite and the expandable layer in the ordered interstratified phases means that the expandable layer has some distinct property that affects K-fixation, a property not found in pure montmorillonite. The difference of the increase of A %NEK between the montmorillonites and the vermiculites (Figures 4a and 4b ) may be due to the different type of reaction between them during hydrothermal treatment (see below).
Structural transformation with K-fixation
Regarding the structural transformation of montmorillonite, Eberl and Hower (1977) and Eberl (1978b) demonstrated that K-and Ca-montmorillonites in each homoionic system transform rapidly and directly to rectorites at specific temperatures. In the present study, a similar type of transformation was observed in the K homoionic system, whereas in the Ca-K mixed cations system, it was not found. In a mixed cations system with Na and K, Na-montmorillonite reacted gradually to random iUite/montmorillonites as well (Roberson and Lahann, t981) . Accordingly, the present experimental observations indicate that the type of structural transformation of montmorillonite is influenced greatly by the cationic composition in the reaction system; in a single cation system, montmorillonite transforms rapidly and directly to an ordered interstratified phase at a specific temperature for each cation, while in a mixed cations system, it reacts gradually through random interstratified phases. This difference is caused by the fact that the transformation in a mixed cations system is accompanied by an exchange reaction between cations having different hydration energy. Furthermore, the experimental results indicate that the gradual transformation of detrital montmorillonite to illite is affected significantly by the cation-exchange process for a natural pore solution.
The different types of transformations noted for the montmorillonite and the ordered interstratified phases in the present study indicate that the expandable layers in rectorite and IMlI-ordered illite/montmorillonite are more stable than montmorillonite even at high temperature. This is evident from natural and experimental assemblages of Na-or Ca-rectorites and IMII-ordered illite/montmorillonites, indicating that they formed at fairly high temperature (Eberl and Hower, 1977; Eberl, 1978b; Hower et al., 1976; Inoue et al., 1978) .
In the vermiculites, the transformation of K-vermiculite to mica proceeds through a regular interstratification of vermiculite and mica layers (Figure 6 ). The transformation took place below 300~ and at 300~ the regular interstratified phase finally converted to a mica. The reaction trend in the Ca-vermiculite runs is probably similar to that in the K-vermiculite runs, though the reaction rate is slower because a considerable amount of primary interlayer Ca remains at 300~ (Table 1). The formation of a regular interstratified phase in the vermiculite as in the present experiment was also observed in Ca-K exchange reactions of vermiculite at 35~176 (Inoue, unpublished data) . Sawhney (1967) attributed this transformation behavior to the polarization effects of a collapsed layer for an adjacent expanded layer.
